A multitude of mechanisms will affect the evolution of the pile response over time, each with their respective time scale. It is shown that most of the processes can be linked to the pile installation stage, which alters the soil surrounding the pile. As a result, there is a change in the mechanical properties of the soil that will influence the subsequent pile response over time. These long-term mechanisms include the dissipation of excess pore pressures from pile installation and the creep in the soil. This paper presents a numerical approach that combines the strain-path method, an advanced effective stress-based constitutive model for soft soils, and a multiphase numerical framework that enables the modeling of the pile installation and subsequent change of pile bearing capacity over time. The presented results demonstrate that the degree of remolding of the soil during the pile installation stage is closely linked to the subsequent pile response. For the Onsøy test case studied, the increase in shaft capacity over time, demonstrated to be linked to undrained strength recovery, could be faithfully reproduced during and after dissipation of excess pore pressures. Hence, pile aging of displacement piles installed in clay is strongly linked to installation effects and the creep and relaxation processes in the soil. Further study is required to fully reveal the physicochemical mechanisms that underpin these processes.
Introduction
There is renewed interest in recent years in the gain of bearing capacity in both sands and clays (e.g., Lehane and Jardine 1994; Chow et al. 1998; Axelsson 2000; Hunt et al. 2002; Bullock et al. 2005a, b; Fellenius 2008; Karlsrud et al. 2014; Lim and Lehane 2014; Haque et al. 2016) . The numerical efforts so far have been focused on the pile-setup stage (e.g., Randolph et al. 1979; Whittle and Sutabutr 1999; Basu et al. 2014; Abu-Farsakh et al. 2015) , linking the (undrained) pile installation and dissipation of excess pore pressures. Reliable experimental studies on pile setup are scarce because the load needs to be applied for long periods of time, and the pile should be loaded to failure during the pile load test. Alternatively, in less rigorous tests, pile-setup effects are studied for unloaded piles where the same pile is dynamically (or statnamically) tested at several instances in time, and sometimes fresh piles are tested using these faster pile-loading methods. The latter type of pile load tests are rate-dependent (i.e., emerging stiffness and strength varies as function of strain rate), which potentially influences the results, especially in clays. As such, the tests performed by Karlsrud et al. (2014) are of most interest here because not only were the piles tested using static pile load tests, but also some of the piles were loaded during the pile setup and subsequent pile-aging period. In addition, a well-documented test site, i.e., Onsøy, was used.
Generally, the increase in pile capacity over time after pile installation is referred to as setup (Fleming et al. 2008) . The main mechanism is the dissipation of excess pore-water pressures that were generated during pile installation. The setup phase includes (1) recovery of effective stress due to the dissipation of excess pore-water pressures, and (2) the change in strength independent of the dissipation of pore-water pressures. Some of the second type of mechanisms both start and finish during pile setup, such as thixotropy in clays (Seng and Tanaka 2012) , whereas others continue after the dissipation of pore-water pressures (and hence setup) has already finished. In this ongoing phase, stress-relaxation and creep mechanisms in the soil surrounding the pile shaft continue to influence the mobilized pile capacity. These ongoing processes with time are sometimes referred to as aging effects and are, among others, linked to grain-level mechanisms such as contact aging and breakage in sands (Schmertmann 1991; Michalowski and Nadukuru 2012) and thixotropy in clay (Seng and Tanaka 2012) . The time scales of these processes differ largely between sand and clay given that thixotropy in clay is shorter than contact aging effects in sand. It, therefore, is postulated that for pile aging of displacement piles in natural soft clays, thixotropy is not the governing mechanism. Rather a combination of creep and relaxation in the soil is affecting the pile response most.
The link with pile installation suggests that the process is largely a strength-recovery process from the disturbances of pile installation, rather than a principal gain in capacity only (e.g., Lim and Lehane 2014) . Therefore, the process is not as often studied numerically because the soil disturbances from the installation process need to be incorporated in the analyses. For clays, perhaps the most complete attempt was presented by Abu-Farsakh et al. (2015) , where installation effects, soil anisotropy, and thixotropy (on the interface) were incorporated in the analyses. The traditional empirical interpretation of the pile setup phase that includes dissipation of excess pore pressures, thixotropy in clay, and other unidentified time-dependent mechanisms still mainly revolves around fitting dimensionless setup factors (Yang and Liang 2006) , such as those originally proposed by Skov and Denver (1988) .
The current work aims to advance the understanding off the pile-aging process in clays by incorporating the pile installation, subsequent consolidation, and creep in the analyses. The hypothesis is that a significant part of the pile aging is simply linked to the creep and relaxation processes in the soft clay, which is affected by the effective stress history from pile installation and subsequent consolidation. This requires a novel combination of the strain-path method to model pile installation, and a constitutive model for soft soils that includes creep to quantify pile aging. The proposed method will be validated for a well-documented field test on the Onsøy test site (Karlsrud et al. 2014) .
Methodology

Constitutive Model
A constitutive model that incorporates creep and relaxation (in constitutive terms, often referred to as rate-dependence) is required in order to capture the time-dependent nature of the pile-aging process. Hence, the constitutive soil model used in the numerical analyses is the Creep-SCLAY1S model (Sivasithamparam et al. 2015; Gras et al. 2017 Gras et al. , 2018 , which is a viscoplastic model that incorporates the following features: The Creep-SCLAY1S model is originally implemented in a format suitable for Abaqus (user-defined material model format UMAT), which is directly compatible with the used strain driver developed by Niemunis (2008) . The Physics Builder interface was used for the model implementation in COMSOL Multiphysics version 5.3.
A full overview of the model parameters that were calibrated against a series of one-dimensional (1D) incremental loading compression tests and anisotropically consolidated triaxial tests on Onsøy clay is presented in Table 1 .
Modeling Pile Installation
The pile installation stage is modeled using the strain-path method (SPM), which was first developed by Baligh (1985) and further expanded by Sagaseta et al. (1997) with the inclusion of shallow strain-path solutions. The original SPM formulation of Baligh (1985) only considered a deep foundation and is an approximate analytical procedure to predict soil disturbance due to installation of rigid objects in the soil. This method does not incorporate the ground surface and hence is only applicable for processes at depth where the ground surface has a negligible influence on the results. The calculated kinematics are independent of the stress-strain relations of the soil because they are based on velocity fields for incompressible and inviscid flow calculated using potential theory. The shallow strain-path method (SSPM) (Sagaseta et al. 1997 ) used here, however, incorporates surface effects in a rigorous fashion.
The SSPM equations are implemented in COMSOL Multiphysics version 5.3, after which the strain paths are parsed to a strain driver to obtain updated stress fields, excess pore pressure fields, and all other state variables of the constitutive model. The most challenging aspect of the SSPM implementation relates to the evaluation of the corrective shear tractions [Step 3 or Eqs. (17)-(24a) in Sagaseta et al. (1997) ]. Here in the COMSOL implementation, the complete elliptic integrals of the first and second kind are approximated by a power series with n ¼ 100 according to Eqs. (1) and (2) Z 2π
where k = modulus of the approximated elliptic integral; and Θ = amplitude angle. The (effective) stress state in the soil still is unknown after calculating the soil kinematics with the SSPM method. The complementary stress components are subsequently calculated by pointwise parsing the strain path from installation in a strain driver (Niemunis 2008 ) equipped with the Creep-SCLAY1S constitutive model (Sivasithamparam et al. 2015; Gras et al. 2018) .
Finally, after obtaining the stress increments complementary to the strain paths for each point in the domain individually, the stress equilibrium, strain compatibility, and excess pore pressures (and their dissipation) are solved in a two-dimensional (2D) finiteelement (FE) code (again COMSOL) with the Creep-SCLAY1S model. A fully coupled analysis is conducted to evaluate the consolidation and creep processes over time.
The aforementioned steps are performed to overcome the mesh distortion issues resulting from large deformations during the pile installation process and are, apart from some small differences in
Step 1, equal for any type of displacement pile. The focus is on calculating the effect of pile installation on the long-term response of the soil surrounding the pile.
Calculation Phases
In short, the following four steps are taken to solve the complete process from installation via consolidation to pile loading for the installation of one (open-ended) displacement pile: 1. The kinematics in the soil due to pile installation are calculated using the shallow strain-path method in COMSOL, where the elliptic integrals of the first and second kind are approximated with a power series. 2. For each point in space, the strain paths of Step 1 are parsed to a strain driver in which the Creep-SCLAY1S constitutive model is implemented. This step circumvents any mesh distortion effects for the pile installation process. Given the viscoplastic model formulation, a strain rate needs to be defined. In this case, a pile penetration rate of 40 mm=s was used. This value approximates the relatively fast rate corresponding to pile installation in soft sensitive clays as encountered on the Onsøy test site.
The stress increments and updated state variables calculated in
Step 2 are parsed back to a fully coupled 2D FE code with the Creep-SCLAY1S model to calculate the stress equilibrium, strain compatibility, and excess pore pressures (and dissipation) for the complete domain. 4. The increase of shear strength is probed numerically at several stages during the pile-setup and aging period, during which the system further evolves during consolidation and creep. An interface shear traction is applied using displacement control at 10 −5 m=s to calculate the emerging undrained shear strength after preset periods of aging (up to 100 months after pile installation). Although the preceding method was originally developed to model aging effects of the shaft resistance component of axially loaded piles, it principally can be extended to other cases. Depending on the loading direction and the details of the pile, this requires modification of calculation Steps 3 and 4.
Validation at Field Scale
Onsøy Pile Load Tests
Steel open-ended piles with an outer pile radius R pile of 254 mm, wall thickness t of 6.3 mm, and length of 19 m have been used in the pile-aging tests performed at the Onsøy test site (Karlsrud et al. 2014 ). The capacity as function of time was tested using pile load tests in tension on independent piles to isolate the aging effects at the pile-soil interface. For soft soils, the failure mechanism is expected in the soil close to the pile. Hence, the measured increase in pile head capacity in tension reported is directly related to the increase of undrained shear strength in the soil adjacent to the pile shaft.
The plugging ratio during pile installation was 0.13-0.22. At this stage, a partially plugged pile cannot be directly modeled with the SSPM. As a result both the fully open-ended pile and closedended pile scenarios are studied, with largest gains in capacity expected for the pile installation process that disturbs the soil the most, i.e., the closed-ended piles. During the tests, an increase in tension capacity up to 21% after 2 years has been reported (Karlsrud et al. 2014 ). The soil properties at the Onsøy test site are well documented and have been reported by Lunne et al. (2003) and Jostad and Berre (2010) .
Numerical Model
The SSPM equations are solved for two cases: (1) closed-ended pile with radius R pile , and (2) open-ended pile (unplugged) with outer radius R pile and wall thickness t. In the current calculations, a steady-state solution is reached for a penetration depth of 5 m. The width of the domain was chosen to be 200R pile .
The mesh and boundary conditions used for the axisymmetric pile-aging calculations and shear-strength probing consists of 2,000 quadrilateral elements with quadratic shape functions. The largest elements are positioned at the center of the model, and the element size gradually decreases to 5 × 10 mm (height × width) elements near the pile wall (r ¼ 0.254 m) and outflow boundary (r ¼ 50.8 m). Fig. 1 shows all details of the geometry and boundary conditions applied. A sensitivity study showed that the large elements at the center of the domain do not affect the results significantly. The stress states and state variables calculated with the strain driver are used as initial state. These are constant with depth, but varying with radial distance from the pile because SSPM is 1D and the part of soil adjacent to the shaft considered in the follow up calculations is only a slice 50-mm thick at 7 m depth (for which most high-quality laboratory data on block samples were available). The hydraulic boundaries are impermeable with exception of the far right boundary, which accommodates flow by prescribing a zero excess pore pressure. A similar quasi-1D approach has successfully been used by Basu et al. (2014) .
Numerical Results
The large distortion in the clay adjacent to the pile during the installation leads to excess pore pressures, which subsequently dissipate over time. Fig. 2 shows the evolution of the excess pore pressures Δu, mean effective stress p 0 , and deviatoric stress q as a function of time. All stress components are normalized with the far-field mean effective stress p 0 o . Figs. 2(a and b) show the results for the closed-ended pile at the interface R pile and 3R pile , respectively, and Figs. 2(c and d) show the results for the open-ended pile at equal distances. The closed-ended pile, where more pile volume is penetrated into the soil, leads to larger initial excess pore pressures Δu that consequently dissipate over a larger period of time (Δu < 6 kPa after 60 days) when compared with the open-ended pile (Δu < 1 kPa after 10 days).
The initial increase in the excess pore pressures after installation of the closed-ended pile is a classic case of the Mandel-Cryer effect, when due to effective stress-driven contraction of the outer annulus of soil, additional stress is generated within this annulus [Gibson et al. (1963) made the first experimental observations of this classic mechanism]. The Mandel-Cryer effect is only fully resolved in the analyses by using the complete 3D formulation of the Biot consolidation equations and the particular boundary conditions with only the far-field boundary being open. The effect is more pronounced for soft soils with low Poisson ratios ν < 0.2 (Cryer 1963) . Finally, for the open-ended pile, the influence radius is rather small because the effects of the installation are benign at 3R pile [Fig. 2d) ]. The spatial distribution of the changes in stress and pore pressures are further evaluated in Figs. 3 and 4 for relevant instances of time.
The stress and strain distribution in the clay adjacent to the pile are presented for the situation directly after pile installation (t ¼ 0 days) and after 10, 30 (open-ended pile only), and 60 days (closed-ended pile only), and 2 years. Fig. 3 presents the results for the installation of the closed-ended pile, and Fig. 4 presents the results for the open-ended pile. The results are decomposed into the volumetric and deviatoric soil response. Each figure contains four subplots, with two dedicated to the volumetric response (one plot each for volumetric strain ε v and mean effective stress p 0 and for excess pore pressures Δu), and the two other plots present the response in shear (deviatoric strain ε q and deviatoric stress q). For ease of comparison, all the stresses are normalized on the far-field mean effective stress p 0 0 ¼ 35.3 kPa. Directly after installation, the mean effective stress p 0 is strongly reduced to 0.6p 0 0 and 0.8p 0 0 , respectively, for the closedended and open-ended pile [ Figs. 3(a) and 4(a) ], due to the generation of excess pore pressures (shown in same figures on the second y-axis). The latter dissipate over time, leading to an increase of effective stress (with exception of the initial increase from the Mandel-Cryer effect for the close-ended pile near the interface). During this classical setup phenomenon, contractive volumetric strains occur [Figs. 3(c) and 4(c) ]. In the current calculations this setup phase is predicted to be up to 60 days for the close-ended pile and as short as 10 days for the open-ended pile. These findings are similar to those presented elsewhere, where the largest soil displacement results in the largest increase in excess pore pressures (with longest dissipation time) (e.g., Randolph et al. 1979; Gourvenec and Randolph 2011) . During the pile-setup stage, the stresses smooth out over a larger soil volume, e.g., Figs. 3(b) and 4(b).
Another observation is that the installation effects reach furthest, up to 20R pile , for the closed-ended pile. In this zone, the degree of damage [Figs. 3(c) and 4(c)], i.e., the amount of bonding χ of the initial intact clay left, is gradually increasing from completely remolded, χ ¼ 0, near the pile wall to largely intact, χ ¼ χ 0 ¼ 10, at a distance of 20R pile . The open-ended pile has a smaller influence radius, 5R pile , with more pronounced effects close to the pile wall. In addition, after installation, some bonding is still left, χ ¼ 3.5. Also, in both cases this damage is primarily occurring during the pile installation stage.
More interestingly, after dissipation of the excess pore pressures, a further effective-stress equalization occurs during ongoing creep and relaxation mechanisms (depending on the distance r). The reduced effective-stress magnitudes close to the wall, r ¼ 1.5R pile , continue to increase slowly, leveling out to the stresses in the zone adjacent. As shown in the strain plots [Figs. 3(c and d) and 4(c and d) ], this is largely a deviatoric process, as opposed to the pile setup, which is mainly a volumetric soil response.
The change in the undrained strength over time, or strength recovery, at the interface is obtained from the calculated peak resistance during application of the shear traction. The results presented in Fig. 5 are normalized with the interface shear strength at 30 days after installation in order to compare the results with the field measurements. The complementary horizontal time axis is shifted with the reference time t ref ¼ 30 days (1 month) corresponding to this reference strength. In the figure, Q sf;ref is the shaft capacity at t ref ¼ 1 month, and Q sf;1 is the reference capacity 1 month after pile installation. Five data series are plotted: the measurement data (diamonds) and proposed fit from Karlsrud et al. (2014) , the calculated gain in capacity for the closed-ended (solid circle) and open-ended pile (open circle), and their weighted average. The normalization with the 30 days capacity means that for the closed-ended pile simulations, a part of the increase in strength is associated with the dissipation of excess pore-water pressures, as shown in Fig. 3(a) .
A strength increase between 9% (open-ended) and 56% (closedended) after 24 months is predicted, which bounds the 21% found in the field tests. The plugging ratios reported by Karlsrud et al. (2014) ranged between 0.13 and 0.22, which indicates neither open-ended (fully cored) nor fully closed-ended (plugged) installation. Most probably, the pile was initially open-ended during installation, with a gradual buildup of the plug at larger penetration depths. Hence, assuming a representative plugging ratio of 0.2 for all piles and that the stress-normalized results hold along the full pile length, the normalized strength gain of the field test can be further approximated by calculating the plugging-ratio weighted average of the simulated results for the open-ended and closedended piles. For the current simulations, the averaged strength increase is 19% after 24 months. The series of the weighted average is plotted in Fig. 5 and shows a good agreement with the measured data. The numerical simulations show a faster flattening of the curve compared with the trend line originally proposed by Karlsrud et al. (2014) and more closely resemble the expected asymptotic behavior of this process.
The main finding is that the increase in capacity over time can be modeled with good accuracy by explicitly modeling the installation process and taking into account consolidation and creep, as well as some specific soft soil features (i.e., anisotropy and the degradation of bonds). The differences remaining between simulations and measurements relate to the absence of stress redistribution in the current simulations (because only one unit length at a fixed depth is considered) and the assumption that soil governs the failure mechanism (the clay is fully bonded on the pile-soil interface).
Finally, using the model simulations, the expected increase in capacity over long periods of time (up to 100 months) show that even for the creep part of the capacity increase over time, the majority of the change occurs within the first 60 months.
It is important to highlight that especially for soft soils that display initial bonding, the simulated and measured strength increase is part of a strength recovery toward the initial strength of the intact clay before pile installation. This becomes apparent when the simulation data are replotted using the shaft capacity corresponding to the intact undrained shear strength, i.e., before pile installation, of the deposit at the depth considered for the normalization (Fig. 6) . Pile installation methods that lead to smaller soil disturbance, the open-ended pile without plugging, preserve more of the initial intact strength of the soil, and therefore, a smaller strength recovery can be expected. For this particular situation with only moderate sensitivity, initial bonding χ 0 ¼ 10, the reduction in void ratio (contraction) during installation and pile setup almost completely compensates for the loss of strength associated with the degradation of initial bonding.
The results indicate that the open-ended tubular pile in the field test was indeed partially plugged because the measurements are bounded by the simulated results for the open-ended pile and closed-ended pile, and the weighted average is closest to the field measurements. The scatter in the measurement data suggests that the degree of plugging, and hence pile-setup time, varied between the piles tested. The second and third measured data points perhaps did not fully dissipate the excess pore pressures from installation.
Given the good performance of the proposed modeling approach, it seems likely that the governing mechanism for pile aging, the increase in capacity over time, of displacement piles driven in soft soils observed in the field relates to the stress-history dependent creep and relaxation processes in the soil adjacent to the pile shaft. This corroborates the conclusions of Schmertmann (1991) , where the strengthening effects are primarily frictional, i.e., the locked-in stress at the particle level is gradually released. For piles, this leads to the redistribution of macroscopic stresses in the soil surrounding the pile. Strengthening mechanisms governed by chemical and/or biological cementation processes, such as those leading to weak bonding in the undisturbed clay, are of secondary importance for the time periods investigated. The main part of the stress-history dependence of this mechanism is governed by the large soil deformations from pile installation and the subsequent dissipation of excess pore pressures (equalization). In sensitive soft soils, this strength increase is better described as a strength recovery.
Conclusions
The effects of pile aging, namely the ongoing increase in shaft capacity after pile installation and the equalization of excess pore pressures, in soft soils can be modeled successfully by combining SSPM to model pile installation with an advanced rate-dependent (creep) model to include time-dependent effects and degradation of strength. The applicability of the proposed modeling approach was validated against a well-documented field case on the Onsøy test site. The results indicated that a large part of pile aging is governed by the creep in the soft soil surrounding the pile.
The gain in the shaft capacity in soft sensitive clays as governed by the undrained shear strength of the soil surrounding the pile is best described as a strength-recovery process toward the original intact strength before pile installation. Finally, similar to pile-setup effects that are governed by excess pore pressures, pile aging is also affected by the degree of remolding during pile installation. As a result, the amount of displaced volume, and hence the degree of strength reduction due to the pile installation, has a direct impact on the magnitude of the subsequent gain in capacity over time. Less disturbance during installation preserves more strength, which in turn leads to smaller strength recovery. 
